A new experimental technique to measure material shear strength at high pressures has been developed for use on magnetohydrodynamic ͑MHD͒ drive pulsed power platforms. By applying an external static magnetic field to the sample region, the MHD drive directly induces a shear stress wave in addition to the usual longitudinal stress wave. Strength is probed by passing this shear wave through a sample material where the transmissible shear stress is limited to the sample strength. The magnitude of the transmitted shear wave is measured via a transverse velocity interferometer system from which the sample strength is determined. © 2010 American Institute of Physics. ͓doi:10.1063/1.3517790͔
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The strength of materials, defined as the ability of a material to sustain deviatoric ͑shear͒ stresses, at high pressures and strain rates is a critical aspect of material behavior for many applications, including armor and weapons design and planetary science. It has proven extremely difficult to measure material strength under high-pressure dynamic loading because the governing equations for plane wave propagation provide no information about stresses in orthogonal directions.
1 Traditional wave profile techniques to measure strength are limited by diagnostic window opacity which occurs at about 2 Mbar.
2 Embedded gauge techniques 3 are limited to even lower stresses by the gauges themselves and the required sectioning of the samples. Laser techniques utilizing strength dominated Rayleigh-Taylor ͑RT͒ instability growth offer the only existing capability to measure strength at higher pressures. 4 However, sample size is limited to a few tens of microns, thus prohibiting observation of larger scale material properties and interpretation of RT data requires use of computer simulations.
A new experimental approach to strength measurement has been devised utilizing crossed magnetic fields in magnetohydrodynamic ͑MHD͒ drive pulsed power machines. This approach, developed on the Sandia Veloce small pulser 5 at modest pressures of 10 GPa, is fully extendable to the high pressures attainable ͑hundreds of gigapascal͒ on the Sandia Z machine. 6 Sample sizes are on the order of 10 mm laterally and 50-100 m longitudinally, exceeding those of RT and even recent gun driven strength experiments. 7 Additionally, the approach allows a direct determination of shear strength independent of material models.
The approach, referred to as magnetically applied pressure-shear ͑MAPS͒, uses a standard MHD drive 5, 6 to generate a compression wave. In addition, a large external magnetic field is applied normal to the sample prior to the MHD current pulse as illustrated in Fig. 1͑a͒ . During application of the current pulse, the current density, J, will interact not only with the self-induced magnetic field, B, resulting in a Lorentz force which drives a longitudinal stress wave ͑ ϳ J ϫ B͒, but also with the external field, B o , resulting in a second Lorentz force which directly induces a shear stress wave ͑ ϳ J ϫ B o ͒.
To determine strength, we exploit the property that, for a von Mises yield criterion, at a given longitudinal stress, , the maximum amplitude pure shear wave, , that can be transmitted through a material is limited by the strength at that stress level, Y͑͒, as Յ ͑1 / ͱ 3͒ Y͑͒. 8 The experimental configuration, shown in Fig. 1͑a͒ , consists of one panel containing a high strength driver, the test sample, and a high strength anvil. The opposing panel contains only the driver and anvil. Wave evolution, illustrated in Fig. 1͑b͒ , is such that the longitudinal compression wave travels faster than the shear wave resulting in materials being compressed prior to application of shear.
Upon transmission of the shear wave generated in the driver into the test material, only the shear stress equal to the a͒ Electronic mail: calexa@sandia.gov. critical shear strength of the test sample will be supported and ultimately transmitted into the anvil, which is elastic to the peak longitudinal stresses used and has higher strength than the test material. The longitudinal and transverse particle velocities are measured at the anvil free surface from which the test material compression and strength can be deduced. The velocities are recorded using a transverse capable velocity interferometer system for any reflector ͑VISAR͒ similar to that used by Chhabildas and Swegle. 9 Normally incident light is collected at 17º and 25º off-axis and analyzed to determine both longitudinal and transverse particle velocities.
The experiments used to evaluate the technique consisted of a 1.15 mm thick molybdenum ͑Mo͒ driver, a 0.10 mm thick 99.5% pure aluminum ͑Al͒ sample, and a 1.55 mm thick yttria-doped tetragonal zirconia anvil. The sample was omitted from the bottom panel to allow a confirmatory measurement of the induced shear stress in the driver. An external magnetic field, B o , of 7.7 T was generated using a split pair of pulsed magnets with a peak current of 8.2 kA over a 5 ms time interval. A nearly constant ͑within 1%͒ peak field was produced for approximately 500 s. The MHD drive was applied over about 2 s and was timed to coincide with the center of the essentially static region in B o . A drive current of 2.2 MA with a rise time of 450 ns provided a peak longitudinal compression of about 10 GPa. Mating surfaces of the driver and anvil as well as the anvil free surface were diffused to a uniform surface roughness of 0.6 m by bead blasting with SiC particles, which enhanced the transmission of shear stress across material interfaces precompressed by the prior longitudinal wave. The rear surface of each anvil was roughened and coated with 3000 Å of Al to provide a reflective surface for the VISAR measurements.
The experimental configuration was thoroughly investigated by numerical simulation prior to testing using the ALEGRA-MHD simulation code. 10 A large number of simulations were performed to ensure that the experimental design would result in a direct measure of strength at peak compression. For inelastic materials, assuming elastic-perfectly plastic response and a von Mises yield criterion, the longitudinal and shear stress deviators are coupled at a given pressure through the yield function
where Y is the flow strength, S xx is the longitudinal stress deviator and S xy is the shear stress deviator. These quantities are plotted in Fig. 2 for a simulation of the experimental configuration. A longitudinal wave propagating in an inelastic material will induce shear stress components governed by Eq. ͑1͒ as a consequence of the coupling of the shear components. The use of an inelastic driver material in these experiments resulted in generation of a small coupled shear response observed in Fig. 2 as a "precursor" shear wave which peaks in the sample at about 0.3 s, the time of the elastic to plastic transition in the longitudinal wave. This coupled shear wave is transmitted through the sample and is combined with the longitudinal deviator to satisfy Eq. ͑1͒ during yielding in the plastic portion of the longitudinal wave. A similar effect in the anvil is avoided by the use of an elastic anvil material. Figure 2 shows that the strength of the sample is probed at the maximum value corresponding to peak longitudinal compression as the strength is modeled by the SteinbergGuinan model 12 and is proportional to pressure. The applied shear wave ͑S xy ͒ passes through the sample at about 0.65 s. This results in a reduction in the longitudinal stress deviator ͑S xx ͒ to zero. In this state, the applied shear stress is related to the flow strength in accordance with Eq. ͑1͒. Thus, the shear stress deviator is a valid measure of flow strength. The requirements for continuity of stress and particle velocity across boundaries in the absence of slippage indicate that this shear stress will be transmitted into the anvil which is elastic and of higher strength. The transverse particle velocity associated with the shear wave is recorded at the anvil free surface and provides a direct measure of the shear strength of the sample as described below.
Two tests to demonstrate the technique were conducted using nearly identical conditions except B o fields were chosen as 7.7 and 5.2 T, inducing maximum shear stresses of 0.57 and 0.40 GPa in the driver. This was done to demonstrate that the magnitude of the transmitted shear wave through the sample was independent of induced shear stress, providing it exceeds the sample strength. Longitudinal and transverse velocity profiles determined from the experiments are shown in Fig. 3 . For clarity, only the first shot results are shown. Comparing the results from the top ͑Al sample͒ and bottom ͑no sample͒ panels demonstrates that the sample truncates the input shear. The peak longitudinal velocity is essentially invariant while the peak transverse velocity is greatly reduced due to the sample strength.
The velocity profiles shown were measured at the free surface ͑fs͒ on the back of the anvil. In situ particle velocity, u p , is determined as u p =1/ 2 u fs , from u fs , for both the longitudinal and transverse velocities. Longitudinal and shear stresses, and , respectively, are then determined from:
where C L and C S are the Lagrangian longitudinal and shear wave velocities, respectively, in the anvil and o is the initial anvil density, measured to be 6.07 g / cm 3 . Wave speeds in the anvil were determined experimentally from a companion shot using standard techniques discussed elsewhere. 13 Results indicate C L = 7330 m / s and C S = 4105 m / s. At these stress levels, the zirconia remains elastic. 14 The peak longitudinal and transverse free surface velocities were found to be 398.0Ϯ 3 m/ s and 18.7Ϯ 3 m/ s with the Al sample present and 399.3Ϯ 3 m/ s and 46.0Ϯ 3 m/ s without the sample as shown in Fig. 3 . The peak values correspond to the maximum pressure and shear states in the sample. Inserting these values into Eqs. ͑2͒ and ͑3͒ results in longitudinal and shear stresses of 8.85 and 0.23 GPa for the Al sample case and 8.85 and 0.57 GPa without the sample. Thus, significantly more shear stress was generated in the driver than was transmissible through the Al sample indicating that the observed shear stress was limited by the Al strength.
The strength of the Al sample was found to be 0.403Ϯ 0.064 GPa at a shear strain rate of ϳ10 4 s −1 . The dominating measurement uncertainties, stemming from the VISAR resolution, are nearly constant and will remain virtually unchanged when applied to higher strength samples indicating that uncertainty will decrease on a percentage basis as the strength increases. Figure 4 shows the results of the first two MAPS experiments plotted as strength versus peak longitudinal stress. Also shown in the figure are results determined by the selfconsistent method on a similar material published by Huang and Asay. 15, 16 Data obtained via the new MAPS technique is consistent with the existing data demonstrating the validity of the approach. Work is in progress to further refine this technique for better accuracy and to investigate the limits in stress and loading rate. At higher stress levels where other approaches fail due to the lack of suitable stress or particle velocity diagnostics, the MAPS technique is expected to work as demonstrated here providing previously unachievable results.
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